Abstract. Quantum-dot cellular automaton at this moment works properly at very low temperature region. How to avoid or increase the low temperature limit is investigated.
could be neglected the electron state propagation via the quantum-dot cells mainly depends on the weak interaction between the quantum-dot cells. In this case a possible physical model is the following: one cell is described as a few-electron problem by quantum mechanics and the interaction between the cells is considered by electrostatic field. If the phonon interaction is significant, electron states show statistical distribution in the cells. Unfortunately, the thermal fluctuation can wash out the clear quantum mechanical states. As a result of that the lowest energy states can not be distinguished and the signal will not be clear in the logic gates of QCA. The phonon interaction can be small if it causes small energy fluctuation to the energy gap. However, in the reality, the working temperature should be almost room temperature. The room temperature corresponds to approximately 25meV. This means the energy gaps should be larger than 25meV.
QCA contains input cells and output cells in the case of logical gates. Controlling the input cells their electron distribution is changed and this new electron state generates a controlling electric field around its neighbours. As a consequence of it the electron distribution of their neighbours also will be changed and so on. As a result of this interaction the information of input cell state changing propagates via the logical gate influencing on the output cells.
QCA operation demands changing the state of excessive electrons in the quantum-dot cells. This can be realized by the controlling process. Controlling process has to ensure the state transitions. State transitions are only possible if the excessive electrons of quantum-dot cells could be excited to higher energy states from the ground state. At least three phases of excessive electrons can be distinguished:
• ground state • forcing to excited state • going down to one of ground states. In general ground energy is degenerated. This ensures e.g. the two different polarization states that describe physically the logic 0 and 1. Obviously, it is important to ensure the clean phases. As it was mentioned, unfortunately the thermal vibration can cover up the phases and as a result of it the rate of noise-signal increases and demolishes operable logic gates.
Increasing of temperature limit
To increase the temperature limit physical properties of quantum-dot cell have to be changed optionally:
• increasing of energy gaps: o decreasing cell size o changing of cell shape [3] [6] o changing number of electrons [3] o larger bond energy effect using appropriate composite solid surfaces • optimising the distance between cells [7] • 3D quantum-dot cell arrangement • implementation o using chemical molecules as quantum-dot cells [8] o quantum-dot (QD): natural (selfassembly, e.g. adsorbed particles on solid surfaces) [9] artificial [10] (e.g. Stranski-Kranstanov, litography) combination of natural and artificial QD (e.g. porous Al mask) [10] o magnetic QCA [6] [11]
• optimum clocked driving [12] [13] . The technological method of QCA implementation determines the typical energy gaps of the excessive electrons that are responsible for the temperature limit of QCA operation. The adsorbed atomic cell is a new concept in QCA realisation [9] . This is a version of preparing natural quantumdots (NQD). In this case, there is a solid surface substrate. This substrate is exposed by particle flux. As a result of the exposition, a part of the particles stick on the surface and 1st monolayer of the particles is growing. When the covering rate is one, in general a super lattice is formed on the top of the solid surface. This formation is basically two-dimensional and stable against the room temperature. If the covering rate is less than one a flexible arrangement of top layer adsorbed atom can be occurred, because other arrangement of adsorbed particles is also possible. Of course, this other arrangement could have different energy, but it could show stable state on room temperature, too. However, it is questionable whether how to control the arrangement of the adsorbed particles. Electromagnetic controlling supposes electromagnetic interaction. Electromagnetic interaction can cause movement of particles if they have extra electrostatic charge, large electric or magnetic moment. In the case of standard situation, there is no extra charge, but we can stimulate it by LASER light beam or gate voltages. During this stimulation outside electric field could control the set-up of adsorbed particles. The artificial quantum-dot (AQD) preparation applies e.g. Stranski-Kranstanov, lithography, evaporation or etching mask. The main problem is the size of AQD above 10nm. In that case, the quantum effects appear only at very low temperature. A promising method is published in [10] that is a combination of the preparation of NQDs and AQDs. AQDs are established by a porous Al mask etching process on Si, Si NQDs can be successfully obtained by applying a high hydrogen dilution and appropriate bias voltage. As a result of this fabricating, array of AQDs (45nm) is obtained containing small Si NDQs (3-6nm). The small NQDs cause the quantum behaviour on room temperature. A special arrangement of chemical molecules naturally can contain excessive electrons and behave as quantum-dot on room temperature [8] . However, QCA operation was not demonstrated until now. Idea of magnetic QCA [6] [11] has been demonstrated in simple case, but its size much larger than nanometer [12] [13] . The optimum clocked driving could increase low temperature limit, but until now the clocked driving was not able to increase the operation temperature close to the room temperature. Based on the investigations it seems the QCA room temperature operation demands small enough QDs that show quantum behaviour in room temperature, too. In next section, we estimate the needed size limit of QDs by computer simulation.
Computer simulation and temperature limitation
Computer simulation is a fruitful method to understand physically and redesign the quantum-dot cell, logic gates and architecture. However, it is also very important the qualitative description and parameter estimation. The qualitative estimation provides the frame of physical quantities of QCA. Bottom up and top down approaching are also needed. The quantum-dot cell description demands a bottom up approaching, because quantum mechanical approach can describe the electron interaction and determine e.g. the so called switching time of a quantum cell and energy levels.
To determine the energy gaps between the states of excessive electrons of quantum-dot cell the time independent Schrödinger equation was solved numerically. In this non-relativistic model, the Coulomb interaction was considered between the two electrons in 2D real space. Because of this model approximation, we had to solve a 4D eigenvalue problem of the partial differential equation. The numerical method is based on a very special finite difference scheme on 6 th order that was developed within the frame of this research.
where is Planck constant, m is electron mass, subscripts note electron 1 and 2, ǻ is Laplace operator, U is outside electric interaction energy, V is interaction energy between the electrons, r is position vector of electron, ȥ is eigenfunction and E is eigenenergy. One can see the probability density function (PDF) of ground state of one of the two excessive electrons. The quantum-dot cell contains four quantum-dots. In the graphs the "Control" parameter relates to the amplitude of homogeneous control electric field. Control 0 corresponds to no control electric field in the potential box with inner potential barrier. PDF has same symmetry as the quantum-dots in the cells. If the electric field is high enough the electron is forced to one of the four quantum-dots.
Table1. The table shows the energy levels of a two-electron system solving the equation (1) numerically in the case of a potential box. "a" is the size of the potential box. Most right column shows the energy difference between the first excited and the ground state. Figure 1 shows how to control excessive electrons of quantum-dot cells. Probability density function (PDF) of ground state of one of the two excessive electrons could be seen. The quantum-dot cell contains four quantum-dots. In the graphs the "Control" parameter relates to the amplitude of homogeneous control electric field. Control 0 corresponds to no control electric field in the potential box with inner quantum-dot barrier. PDF has same symmetry as the quantum-dots in the cells. If the control electric field is high enough the electron is forced to one of the four quantum-dots. This is a clear verification that the position of excessive electrons in the quantum-dot cells can be positioned by appropriate bias voltage, namely the probability function could be localized. Table 1 lists the energy levels of a two-electron system solving the equation (1) numerically in the case of a potential box without inner potential barrier. "a" is the size of the potential box. Most right column shows the energy difference between the first excited and the ground state. Figure 2 depicts the energy difference between the first excited and ground state as a function of potential box size. It is very important to note that the energy difference axis in logarithmic scale. This fact supports the experience that size of the quantum-dot and quantum-dot cell has extremely important role in the existence of the low temperature limit of QCA. 
Conclusion
Significantly new idea of the QCA design has to be required to avoid the low temperature limit. If the low temperature limit is not eliminated the QCA paradigm will not be realized as a new efficient architecture of computational. To eliminate the low temperature limit form size of one QCA cell should be smaller than 5nm to reach the room temperature working. Realization possibility is the usage of chemical molecules or adsorbed atomic cells on solid surfaces or special combination of AQDs and NQDs. Furthermore the optimum clocked driving to decrease thermal fluctuation is also very important.
